Abstract
Introduction

1
The use of renewable energies is rising and there is greater world energy demand [1] .
2
They are based on endless resources, e.g. the sun, wind, or any resource with 3 sustainability. One of the most significant types of renewable energy is solar energy Karatepe and Hiyama (2011) [16] employed neural networks, etc. Jaffery et al. (2017) 
23
[17] used Fuzzy logic systems to predict failures. Spataru et al. (2013) [18] algorithm is used by Dhimish et al. (2017) [20] to detect failures and study the power 28 output of the modules. Finally, statistical approaches can be found in references [21, 22] .
29
Traditional maintenance polices, e.g. visual inspection, are unviable in terms of cost 30 and operating time. Therefore, it is necessary to design and develop new monitoring 31 systems [23, 24] . Defects in solar panels show patterns that directly affect surface 32 temperature [25] . It is an important parameter that must be measured to detect and identify 1 the main failures, for example: hot spots browning; snail trails: cracked cells; burned; cell 2 or module broken; broken interconnects; solder bond failures; dirty points, etc. [26] .
3
Faults need to be detected as early as possible to ensure the performance and reliability 4 of PV systems [23] .
5
New CMSs embedded in an unmanned aerial vehicle (UAV), employing 6 thermographic sensors, are now used in maintenance tasks [27] . This system is a non-7 destructive testing (NDT) that is able to perform measurements without interfering in the 8 integrity of systems [28] [29] [30] . These techniques are carried out in the predictive 9 maintenance of different industrial areas, reducing costs associated with manual 10 inspections and maintenance periods [31, 32] . Infrared thermography is now one of the 11 most NDT techniques used in UAVs [33, 34] .
12
Thermography allows the visualization of the surface temperature by capturing palettes to each temperature value [35] . Currently, this technique is used due to its 17 technical advantages [36] .
18
Thermography in PV panels has been studied in detail in laboratories [37] , in 19 which cracked silicon wafers, hot spots, etc have been analyzed. [38, 39] . However, PV 20 thermography inspection presents difficulties in data processing and interpretation.
21
Advanced algorithms are required to analyse thermograms to detect panels and identify 22 faults [40] .
23
UAVs are vehicles powered by one or more engines, capable of maintaining a 24 controlled and self-sustaining flight level [26] adverse weather conditions, cause a loss of energy production [46] . Dirt on the PV panels 6 and changes to the incidence solar radiation angle might cause a significant loss in annual 7 energy production of 5%, that can reach 15% in periods without rain -see Figure 1 . The 8 study was carried out in four monocrystalline silicon modules with three different types 9 of glass, using flat and texture glass [47] . García et al. (2011) [48] analyzed the soiling and the angle of incidence (AOI) to 14 measure optical losses in a vertical-axis tracked solar plant in Spain. They concluded that 15 optical losses vary from 1 to 8% in tracking surfaces, and 8 to 22% in horizontal ones,
16
with greater percentages in dry periods. Kimber et al. (2006) [49] studied the soiling in 17 rural, suburban and urban scenarios in EEUU. The results showed that the soiling rate is 18 greater in the desert, and the correlation between rain and efficiency of the modules is 19 higher. Aron and Littmann (2013) [50] considered the energy lost due to soiling, 20 compared the voltage of two modules, one of which was periodically cleaned, and 21 concluded that the soiling rate varies from 1 to 11.5%, indicating that it greatly depends 22 on the environment. Similar research studies can be found in [51] [52] [53] [54] . Acciani et al. 
Energy Lost due to Dirty
proposed a generic analysis of PVs that use thermography, concluding that dirt can be 1 identified as dark regions in thermal images [55] .
2
A large number of studies have been conducted in order to mitigate the dirt on the PV 3 panels. In a Malaysian case study, Jamil et al. (2017) [56] presented a review of mitigation 4 methods that perform degradation of photovoltaic power systems. In EEUU, Mazumder 5 et al. (2015) [57] showed the environmental degradation of the optical surface of PV 6 modules and solar mirrors by soiling and high RH and mitigation methods for minimizing 7 energy yield losses. Moharram et al. (2013) [58] studied the influence of cleaning by 8 using water and surfactants on the performance of photovoltaic panels in Egypt. Aly et Radiometry is employed to obtain the measurement of electromagnetic radiation.
4
Invisible radiation to the human eye is measured quantitatively using sensors and/or 5 detectors that convert part of the radiation into electrical signals [65] . These sensors 6 capture the infrared energy emitted by objects through a detector, and it is transformed 7 into an electrical signal to obtain the temperature value using a thermocouple or 8 photodiode [66] . These devices present important advantages in comparison with 9 thermographic cameras, e.g., lower cost, reduced weight and form, easy to transport and 10 fast data processing, etc. [67] . The measurements are more reliable when environmental 11 conditions (humidity and air temperature, distance to the object, reflected temperature, 12 incident radiation, etc.) and surface characteristics, e.g. emissivity, are known [68] . In 13 addition, it is necessary to consider the field of view (FOV) of the sensor (Figure 3 ), the 14 perpendicular distance to the target or surface to be measured, and the angle of the sensor 15 with respect to the vertical, due to its influence on the shape and area of the target surface. The main contribution of this paper is to design, develop and test a new CMS to 4 detect dust in PV panels. The CMS is embedded in a UAV. The CMS employs a 5 radiometric sensor, and the results are validated by a thermographic camera. The 6 approach is based on the emissivity that is produced over a surface, characterized with a 7 low emissivity value when dust appears. Several scenarios were conducted using real 8 solar PV panels. 
Materials and Methods
11
The CMS proposed in this paper is based on a radiometric sensor and a data 12 acquisition wireless system embedded in a UAV (Figure 4 ). The sensor measures the 13 infrared signal, and an Arduino board transforms it into a suitable thermal value by 14 electronic circuits. Arduino sends it to a wireless platform where the data is analyzed. The 15 DJI S900 UAV is employed in this paper. 
3
The radiometer sensor type is a SI-111 model with a germanium lens. The 4 specifications of the sensor are detailed in Table 1 . The sensor is connected to an Arduino DUE board with 32-bits. The Arduino provides 8 the power to the sensor, collects the signal of the sensor, transforms it to temperature 9 measurement by the Wi-Fi Shield module, and it is then sent to an online platform. The Table 2 shows the main parameters of the TSM-170D PV panel. ThingSpeak platform is employed to record and analyse the signal from the 7 radiometric sensor. It is an Internet of Things (IoT) platform that provides an application 8 programming interface to collect, store and visualize all the data obtained from a sensor 9 online. Its operation is based on channels. Figure 7 shows the interface of this platform. The PV module used converts 6-20% of solar radiation into electrical energy, 9 depending on the environment conditions: the influence of humidity on PV performance 10 is directly related to the irradiation flux due to water droplets, a change in direction of 11 solar radiation, and if the exposition is for a long time, humidity causes delamination [71] .
12
The wind velocity produces a cooling in the cell temperature, obtaining a better efficiency Figure 8(c) shows the LED marker system adapted to the sensor.
6
It is used so that the FOV can be seen online. Figure 8(a) shows the CMS in the DJI S900 The sensor has been used without calibration because the main objective is to analyse 12 patterns rather than real temperatures. The results are also validated using the sensor where Z1 and Z2 are free of dust.
21
• Scenario 1.2: The panel is 70º regarding the vertical, where  = 10º, see Figure   22 9(d). In Z3 a small film of dust is induced. Z1 and Z2 are free of dust. 
Results
5
The measurements were recorded at the same time and weather conditions for case 6 study 1, with sunny days. Figure 10 shows the experiments for Scenario 1.1, where the 7 three zones Zi in Figure 9 are analyzed. Table 3 shows the temperatures given by the 8 radiometer sensor in Z1, Z2 and Z3. The panel is set in a horizontal position and  = 0º. The temperature given by the radiometer sensor are different regarding Zi, the maximum Figure 11 shows the body and target temperatures given by the radiometric sensor for Table 5 shows the camera and sensor results for Scenario 1.3. The panel 10 is set to 10º regarding to the vertical, and  = 10º. This scenario considers 4 zones because 11 the dust area is higher than in Scenarios 1.1 and 1.3. Z1 and Z2 show higher temperatures 12 in the measurements given by the thermography and radiometer analysis due to the fact 13 that there is no dust. Z2 shows lower temperatures in both analyses because the border indicates dust. The temperature is lower in Z3, where 25% of the area has dust, and a 1 lower temperature is found in Z4, where the area studied is full of dust. Figure 15 shows the body and target temperatures given by the radiometric sensor for The experiments in all scenarios show that the radiometer sensor can detect dust on were modified since the temperatures on the surfaces are lower. Table 6 shows the results
24
with the panel at 70º regarding the vertical, being  = 0º and 60º. A stable correlation is 25 shown between the dataset. that the temperatures given in Figure 17 due the dust on the PV surface. It also shows that 16 the temperature increases regarding to the luminous flux per unit area (the same 17 conclusion if the PV is clean, Figure 16 ). temperatures when the PV surface is 100% dirty (Figure 17 ), but lower than the 6 temperatures when the PV is clean (Figure 16 ). It validates the results obtained in the 7 laboratory for these weather conditions. In every scenario considered, when the luminous 8 emittance on the PV panel increases, the temperature measured rises. scenarios.
26
5
Three scenarios were analysed in order to consider different positions between the 6 radiometer sensor and the panel. The temperatures given by the new system are lower than the real one due to the fact 8 that the sensor is not calibrated. The main objective is to detect and identify the surface 9 condition of the panels by pattern recognition, i.e. if the surface indicates dust or not.
10
The results in cases where the area of the panel is free of dust in every scenario are 
